Abstract N-Acylethanolamines (NAE) are fatty acid derivatives, some of which function as endocannabinoids in mammals. NAE metabolism involves common (phosphatidylethanolamines, PEs) and uncommon (N-acylphosphatidylethanolamines, NAPEs) membrane phospholipids. Here we have identified and quantified more than a hundred metabolites in the NAE/endocannabinoid pathway in mouse brain and heart tissues, including many previously unreported molecular species of NAPE. We found that brain tissue of mice lacking fatty acid amide hydrolase (FAAH -/-) had elevated PE and NAPE molecular species in addition to elevated NAEs, suggesting that FAAH activity participates in the overall regulation of this pathway. This perturbation of the NAE pathway in brain was not observed in heart tissue of FAAH -/-mice, indicating that metabolic regulation of the NAE pathway differs in these two organs and the metabolic enzymes that catabolize NAEs are most likely differentially distributed and/or regulated. Targeted lipidomics analysis, like that presented here, will continue to provide important insights into cellular lipid signaling networks.
Introduction
Endocannabinoids are endogenous lipid mediators that bind to and activate cannabinoid receptors in mammals to regulate a wide range of physiological and behavioral processes [1, 2] . The first endocannabinoid discovered was anandamide [3] , or N-arachidonylethanolamine (a type of N-acylethanolamine, 20:4 NAE). It was promptly revealed that anandamide and other members of its class are generated as part of a metabolic pathway involving the common membrane lipid phosphatidylethanolamine (PE) and an unusual N-acylated derivative of PE, N-acylphosphatidylethanolamine (NAPE; reviewed in [4] ). Although earlier research had established the metabolic relationship between these lipid classes in mammals and characterized the enzyme activities involved [5] , molecular identification of fatty acid amide hydrolase (FAAH) was a critical step, leading to the ability to perturb the NAE metabolic pathway in order to further elucidate the pathway's physiological functions [6] [7] [8] .
The overall pathway, termed the N-acylation-phosphodiesterase pathway, has more recently been designated the ''endocannabinoid signaling pathway'' to reflect its physiological function [9, 10] . However, this designation does not indicate the role of the pathway during response to ischemia; in fact, most of the early metabolic studies of this pathway were related to observations that both NAE and NAPE contents were elevated markedly in ischemic brain and heart tissues [11] [12] [13] [14] . The overall endocannabinoid pathway, the structures of representative principal metabolite classes, and key enzymatic steps are summarized in Fig. 1 .
Although the function of the endocannabinoid pathway relies mostly on the production and turnover of bioactive NAEs, the precursor pools of NAPEs can determine the prevailing mix of endogenous NAEs [4] . Indeed, a concept called the ''entourage effect'' has been proposed to explain how abundant NAE molecular species that do not activate cannabinoid receptors can influence the activity of minor components, such as 20:4 NAE, that do activate receptors. To date, the many ethanolamine lipid components of the NAE-metabolic pathway have rarely been profiled comprehensively and concomitantly [15] [16] [17] . Here, we employ a targeted lipidomics approach to exhaustively identify and quantify the major and minor PE, NAPE, and NAE species in mouse heart and brain tissues and examine the impact of the loss of FAAH in FAAH -/-mice [18] on the metabolites of the endocannabinoid pathway.
In the current work, O-diacyl and O-alk(en)yl,O-acyl PE and NAPE molecular species were identified directly in lipid extracts by electrospray ionization mass spectrometry (ESI-MS) using neutral loss scans and quantifying in relation to internal standards. NAEs were identified by GC-MS after chromatographic clean-up and quantified by isotope dilution MS, using procedures similar to those developed elsewhere [19] . Our results detail the metabolites of this important lipid signaling pathway. Moreover, the results suggest that ablation of FAAH in brain tissue results in dysregulation throughout the pathway, not just in anandamide content, as previously reported, while similar effects were not apparent in heart tissue [18, 20] . Comprehensive profiling approaches like those utilized here enable understanding of the metabolic regulation of important signaling pathways.
Experimental Procedures

Animals and Tissue Extracts
FAAH
-/-mice were kindly provided by Dr. Benjamin F. Cravatt, The Scripps Research Institute, La Jolla, CA, and were genotyped as described previously [18] . Wild-type littermate control mice were used for comparisons. Animals were kept in a temperature-controlled room with 12-h light/dark cycles and free access to food and water. Animal use and care were reviewed and approved by the Institutional Animal Care and Use Committee. For each treatment, after euthanasia, brains and heart tissue from five animals were removed and flash frozen in liquid nitrogen.
Lipid Extractions
For glycerolipid analyses, tissues were homogenized with hot 2-propanol (70°C) with glass beads by beating for five 30-s bursts and combined with chloroform (0.45 g FW:2 ml 2-propanol:1 ml chloroform), and incubated on ice for 30 min before extracting overnight at 4°C. Monophasic lipid extracts were partitioned with chloroform and 1 M KCl (1:2 v/v). The lower organic phase was collected and washed three additional times with 2 volumes of 1 M KCl. Extracts were stored under nitrogen at -80°C until further analysis.
Phospholipid Analysis and Quantification
An automated electrospray ionization (ESI)-tandem mass spectrometry approach was used, and data acquisition was carried out as described previously [22] with modifications. Dried mouse brain and heart lipid extracts were dissolved in 1 ml chloroform/methanol (9:1). An aliquot of 2-30 ll of extract, equivalent to 0.5-2 mg tissue FW, was used. Precise amounts of internal standards, obtained and quantified as previously described [24] , were added in the following quantities (with some small variation in amounts in different batches of internal standards): 0.66 nmoles of di14:0 PC, di24:1 PC, 13:0 lysoPC, and19:0 lysoPC, 0.36 nmoles of di14:0 PE, di24:1 PE, 14:0 lysoPE, 18:0 lysoPE, di14:0 PA, and di20:0 (phytanoyl) PA, 0.24 nmol di14:0 PS and di20:0 (phytanoyl) PS, 0.20 nmoles of 16:0-18:0 PI, and 0.16 nmoles of di18:0 PI. Solvent was added to the sample/standard mixture so that the final ratio of chloroform/methanol/300 mM ammonium acetate in water was approximately 300:665:35, and the final volume was 1.3 ml.
Mass spectra were acquired on a triple quadrupole MS/ MS system (API 4000, Applied Biosystems, Foster City, CA). Unfractionated samples were introduced by continuous infusion into the Turbo V ESI source at 30 ll/min using an autosampler (LC Mini PAL, CTC Analytics AG, Zwingen, Switzerland) fitted with the required injection loop for the acquisition time. Sequential precursor and neutral loss scans of the extracts produced a series of spectra, with each spectrum revealing a set of lipid species containing a common head group fragment. ? ions with NL 115.0. The ion spray voltage was set at ?5.5 kV, the source temperature at 1008C, the curtain gas at 20 (arbitrary units), and the ion source gases at 45 (arbitrary units); the interface heater was on. Declustering potentials were ?100 V. Entrance potentials were ?15 V for PE and ?14 V for PC, PI, PA, and PS. Exit potentials were ?11 V for PE and ?14 V for PC, PI, PA, and PS. The collision gas, nitrogen, was set at 2 (arbitrary units). The collision energies were ?28 V for PE, ?40 V for PC, and ?25 V for PI, PS and PA. The mass analyzers were adjusted to a resolution of 0.7 u full width at half height. For each spectrum, 8-80 continuum scans were collected in multiple channel analyzer (MCA) mode at a scan speed of 50 or 100 u per s.
The data were smoothed, the background of each spectrum was subtracted, and the peaks were centroided and integrated using custom script and Applied Biosystems Analyst software. Peaks corresponding to the target lipids in these spectra were identified, the data were corrected for isotopic overlap, and molar amounts were calculated in comparison to the internal standards in the same lipid class. A sample containing internal standard mixture only was also run through the same series of scans to correct for chemical or instrumental noise. The molar amounts of each lipid metabolite detected in the ''internal standards-only'' spectra were subtracted from the molar amounts of each metabolite calculated from the experimental mouse sample spectra. The ''internal standards-only'' spectra were used to correct the data from the following nine samples run on the instrument. Finally, the data were adjusted to account for the fraction of sample analyzed and normalized to the sample fresh weight. Data were reported as nmol or lmol of each detected lipid metabolite/g tissue FW. Measured Lipids (2010) The NAPE molecular species N-17:0 di16:0 PE was prepared as described previously [23] , with modifications. Briefly, C17:0 fatty acid chloride was reacted with a two-fold molar excess of di16:0 PE. The reaction was conducted in dichloromethane at 25°C for 2 h, using triethylamine as a catalyst. The products were washed with water and fractionated by silica gel TLC (chloroform/methanol/ammonia, 65:35:4) to separate the desired product NAPE species from unreacted PE and fatty acid chloride. The calculated retention factors for NAPE and PE were 0.60 and 0.40, respectively. Both the purchased and synthesized NAPE species were quantified by phosphate assay [25] .
NAPE Analysis and Quantification
As noted above in the phospholipid analysis section, dried mouse brain and heart lipid extracts were dissolved in chloroform/methanol (9:1). The same sample solutions were used for both phospholipid and NAPE analysis. The synthesized N-17:0 di16:0 PE was employed as an internal standard to quantify the NAPE species in the sample extracts. N-17:0 di16:0 PE (1.1 nmole) was added to an aliquot of extract equivalent to 6-25 mg tissue FW. Solvent was added to the sample/standard mixture so that the final ratio of chloroform/methanol/300 mM ammonium acetate in water was 300:665:35, and the final volume was 1.3 ml.
Mass spectra were acquired on a triple quadrupole MS/ MS system (API 4000 QTrap, Applied Biosystems, Foster City, CA). Unfractionated samples were introduced by continuous infusion into the Turbo V ESI source at 30 ll/min using an autosampler (LC Mini PAL, CTC Analytics AG, Zwingen, Switzerland) fitted with the required injection loop for the acquisition time. Sequential neutral loss scans produced a series of spectra, with each spectrum revealing a set of lipid species containing a common ammoniated N-fatty amide head group fragment corresponding to each common fatty acid. 3) was included in order to detect the internal standard. The declustering potential was set at ?60 V, the entrance potential at ?8 V, and the exit potential at ?15 V. The ion spray voltage was set at ?5.5 kV. The collision gas, nitrogen, was set at 2 (arbitrary units), and the collision energy was ?45 V. The source temperature, curtain gas, ion source gases, interface heater, and mass analyzers were adjusted as for phospholipid analysis. For each spectrum, 100 cumulative scans were collected in multiple channel analyzer (MCA) mode at a scan speed of 50 u per s.
The data were smoothed, the background of each spectrum was subtracted, and the peaks were centroided and integrated using custom script and Applied Biosystems Analyst software. Peaks corresponding to the target lipids in each N-acyl class (each spectrum) were identified, the data were corrected for isotopic overlap due to the diacylglycerol portion of NAPE, and molar amounts were quantified relative to the N-17:0 di16:0 PE internal standard. A sample containing only the N-17:0 di16:0 PE standard was subjected to the same series of scans. The molar amounts of each lipid metabolite detected in the ''standard-only'' spectra were subtracted from the molar amounts of each metabolite calculated from the experimental mouse sample spectra to correct for chemical or instrumental noise. The ''standard-only'' spectra were used to correct the data from the following nine samples run on the instrument. Finally, the data were corrected for isotopic overlap between head groups (NL fragments), adjusted to account for the fraction of sample analyzed, and normalized to the sample fresh weight. Due to the presence in the NL 444.3 scan of peaks with m/z inconsistent with NAPEs in the m/z range of N-20:4-e40:7, N-20:4-e40:6, N-20: 4-40:8, and N-20:4-40:7 NAPEs, these compounds were not measured in brain tissues. The interfering compounds were not present in the spectra of mouse heart tissue. Data were reported as mass spectral signal normalized to N-17:0 di16:0 PE/g tissue FW; the amount of signal produced by 1 pmol of N-17:0 di16:0 PE is 1. Data were evaluated for possible outliers using the Q-test [26] on NAPE lipid class totals; one FAAH ( -/-) mouse brain replicate (out of 5) was determined to be an outlier and was removed from calculations. Measured species include both N-acylated diacyl and N-acylated alk(en)yl,acyl glycerophospholipids. As described for the phospholipid species, no response correction factors were employed for the alk(en)yl,acyl species.
Validation of NAPE Quantitation Method
Three experiments were performed to validate the above sequential NL scanning method for NAPE quantitation. To assess the linearity of the response, varied amounts The variation in mass spectral response due to variation in the amount of biological sample analyzed was also examined. Samples were prepared with varying amounts of a mixture of WT and FAAH -/-mouse brain extract, approximately equivalent to 3.5, 7, 14, and 28 mg FW, and 200 pmol of the synthesized N-17:0 di16:0 PE internal standard. The full mass spectral analysis, with scans for N-16:0, N-18:2, N-18:1, N-18:0, N-20:4, N-22:6, N-22:5, and N-17:0, was performed on the API 4000 QTrap mass spectrometer. Data were processed as described above and reported as mass spectral signal of each targeted NAPE species relative to the N-17:0 di16:0 PE internal standard.
NAE Analyses
NAE extraction and purification were conducted as described by Muccioli and Stella [29] . Brain and heart tissues (mean fresh weights of 425 mg and 170 mg, respectively) from FAAH -/-and WT animals were removed from -80°C storage and homogenized in ice cold chloroform (1 ml per 100 mg of fresh tissue) using a glass tissue grinder. The homogenate was placed in an ultrasonic bath (60 W) for 2 min to disrupt cells. The extract was combined with 10 ml of ice cold chloroform containing deuterated NAE standards (D4-NAE 16:0 and D4-NAE 20:4, Cayman Chemical Co., Ann Arbor, MI; 50 ng each). Lipids were extracted by extraction (4:2:1 chloroform:methanol:water) by the addition of 5 ml cold methanol and 2.5 ml cold PBS buffer and returned to an ice cold ultrasonic (60 W) water bath for 10 min, followed by centrifugation. The organic phase was collected for further purification by solid phase extraction. Silica SPE cartridges (100 mg, 1.5 ml; Grace Davison Discovery Sciences, Deerfield, IL) were conditioned with 2 ml methanol followed by 4 ml chloroform and, subsequent to loading the samples, the column was washed with 2 ml chloroform, and NAEs were eluted with 2 ml of 1:1 (v/v) ethyl acetate:acetone. The eluate was collected, evaporated under nitrogen, and derivatized with 50 ll BSTFA (Fisher Scientific, Houston, TX) and 25 ll dichloromethane for 30 min at 55°C. After derivatization, the samples were again evaporated under nitrogen and reconstituted in 50 ul hexane.
NAEs were identified via selective ion monitoring and quantified against the internal deuterated standards (saturated species against deuterated NAE 16:0 and unsaturated species against deuterated NAE 20:4) as TMS-ether derivatives by gas chromatography/mass spectrometry (model 6890 GC coupled with a 5973 mass selective detector; Agilent, Wilmington DE), as described previously [21] . NAE concentration was calculated based on fresh weight.
Results
In previous work, methods for analysis of NAEs by GC-MS [21] and phospholipids by direct infusion electrospray ionization mass spectrometry [27] ? by electrospray ionization. By collisioninduced dissociation, the ammonium adducts of NAPEs can be fragmented into a neutral head group fragment and a charged diradylglycerol (i.e., diacylglycerol or alk(en)yl, acylglycerol) fragment (Fig. 2) . Scanning for neutral loss of an ammoniated N-fatty amide head group in a triple quadrupole mass spectrometer produces a spectrum revealing the NAPE molecular species that contain the
fragment, in other words, a spectrum of the NAPE class (Fig. 3) . Sequential scanning for neutral loss of ammoniated N-fatty amide head groups corresponding to each common fatty acid provides a method to detect the molecular species of NAPE in all N-acyl classes (Fig. 3) .
To determine whether neutral loss scanning provides an appropriate method for quantification, the linearity of the mass spectral response of the neutral loss scans was investigated (Fig. 4) . The signals for two pure NAPEs were determined in relation to the signal from a known quantity of an internal standard, N-17:0 di16:0 PE. The response was determined to be linear, but both N-16:0 di16:0 PE and N-20:4 di18:1PE produced somewhat less signal per mole than N-17:0 di16:0 PE. This suggests that different NAPE molecular species vary somewhat in their ability to ionize and/or to undergo fragmentation under particular fixed mass spectral conditions. On the other hand, a spike-in experiment in which pure NAPE species were added to a biological mixture of lipids showed that their mass spectral signals, normalized to the N-17:0 di16:0 PE internal standard, were approximately proportional to the amount of each NAPE species added (Fig. 5) . Finally, varying amounts of the biological sample while holding the level of internal standard constant resulted in normalized mass spectral responses proportional to the amount of sample added (Fig. 6) . Taken together, the data in Fig. 3 through 6 show that, although response factors for individual NAPE molecular species vary (Fig. 3) , the NAPE analysis provides a reliable means to compare levels of NAPE species among samples. Endocannabinoid metabolism is influenced by both phospholipase D (PLD)-mediated hydrolysis of NAPE and FAAH-mediated breakdown of NAEs (Fig. 1) . We examined the effect of FAAH disruption on the content and composition of NAE and various phospholipids, including NAPE and PE, in brain and heart tissue of wild-type and FAAH -/-mice. Total levels are summed from the individual molecular species. The data show that lipid content was generally higher in brain than in the heart tissue ( Fig. 7) . Compared to brain, heart phospholipids had little PS or PA. Both total NAE and PE content were significantly elevated in brain tissue of FAAH -/-mice compared to the wild-type controls. On the other hand, in heart tissue there was a significant increase only in PE, PI, and lysoPC content, while NAE content was the same between FAAH -/-and control mice. To examine the relationship between NAE composition and the NAPE precursor pool, NAPEs were quantified according to N-acyl head group and these NAPE classes were compared to the principal NAE types. Absolute quantities of NAPE and NAE and their composition were quite different between brain and heart tissue of mice (Figs. 8 and 9 , respectively). The significantly higher level of NAE in the brain tissue of FAAH -/-mice, as compared to wild-type mice, was attributable mostly to 16:0 NAE (Fig. 8) ; the level of N-16:0 PE was also significantly higher in the brain tissue of FAAH -/-mice, as compared to wild-type mice. The concentration of 18:0 NAE species was higher in brain tissue of FAAH -/-mice as well. In contrast to predominant 16:0 NAEs and N-16:0 PEs in brain, heart tissue did not reveal a prevalent NAPE class or NAE type. Murine hearts showed no differences between FAAH -/-and wild-type animals in NAE types or NAPE classes. This suggests that FAAH disruption has a considerably greater effect on steady-state levels of endocannabinoid pathway metabolites in brain tissue than in heart tissue. Major differences in steady-state anandamide levels in brain extracts between FAAH -/-mice and wildtype littermates were not evident in our studies, which was inconsistent with previous reports quantifying 15-fold higher anandamide levels in brain tissues of FAAH -/-mice compared to FAAH?/? mice [20, 28] . Differences may be due to organ preparation (euthanasia rather than decapitation) and/or tissue extraction procedures since anandamide levels seem to be particularly sensitive to preparation methods [29] . Nonetheless, the principal saturated NAE types (NAE18:0 and NAE16:0) quantified in our samples showed a significant elevation in brain tissues of knockout mice as expected (Fig. 8) . Although useful for visualizing potential NAE precursors, grouping of NAPE species by common N-acyl chains (Figs. 8, 9 ) does not reveal the remarkable complexity of NAPEs. Therefore, a detailed molecular species profile of NAPE was generated for brain and heart tissue of wild-type and FAAH -/-mice (Figs. 10, 11) . In brain tissue of mice, the most abundant molecular species with 16:0 at the N-position contained PE 36:2, 36:1, 38:6, 38:4, and 40:6, where the species are indicated by total acyl carbons:total carbon-carbon double bonds in the combined acyl chains in the 1 and 2 positions on the glycerol (Fig. 10) . Many N-16:0-containing species were significantly elevated in knockout mice compared to wild type, suggesting that the elevation of the N-16:0 PE molecular species in FAAH -/-mice affected those molecular species already prevalent in wild-type mice. N-18:2-containing NAPE molecular species were much less abundant overall; only five molecular species were quantified at more than 0.1 nmol/g FW, and none of these were elevated in FAAH -/-brain tissue (Fig. 10) . N-18:1 and N-18:0 molecular species were somewhat more abundant and distributed among diradyl species in a manner similar to N-16:0 PEs; several molecular species were significantly higher in the FAAH -/-knockout tissues (Fig. 10) . The anandamidecontaining (N-20:4) NAPE pool was relatively minor in terms of overall abundance, and this subgroup showed no differences between wild-type and FAAH -/-in terms of quantity or composition. Similarly, the N-22:6 PE molecular species were not very abundant, and the N-22:5 PE class was very minor in brain tissue, with only a few molecular species identified in this subgroup. There were no significant differences in N-22:6 and N-22:5 PE species between wild-type and FAAH -/-mice. Similar to brain tissue, murine heart tissue showed complexity in the molecular species composition of NAPE (Fig. 11 ). Some differences were immediately evident between heart and brain NAPE molecular species. First, the content of all NAPE molecular species in heart tissue was two-to four-fold less than in the brain tissue (compare NAPE class data in Figs. 8 and 9 ), and there was no difference in molecular species content of any NAPE type in heart tissue of FAAH -/-mice compared to wild type (Fig. 11) .
Comparisons of PC and PE compositions of brain and heart (Figs. 12, 13) show that the diradyl compositions of these two major phospholipid classes are quite different from each other. In brain, 40:6 PE was the most abundant diradyl species for N-acylation, with 36:1, 38:6, and 38:4 species also being prominent (Fig. 10) . In heart, 40:6 and 38:6 were most prominent with 38:4 and 36:4 also abundant (Fig. 11) . These NAPE compositions resemble the PE compositions (Figs. 12, 13 ), supporting the notion that NAPE is derived from PE (Fig. 1) .
Discussion
Considerable prior evidence has established the metabolic relationship of PE, its N-acylation to form NAPE, and the hydrolysis of NAPE to form the bioactive NAEs (Fig. 1) . Several NAE types have been identified as endogenous ligands for the cannabinoid receptors, while other types act on other cellular targets [30] [31] [32] . The hydrolysis of the NAEs (endocannabinoids and others) by FAAH terminates their lipid mediator functions [8, 33] . Given the broad range of activities of the NAEs, the enzymes of this pathway represent important therapeutic targets [34, 35] . numbers only represent diacyl species as total acyl carbons: total carbon-carbon double bonds; e before a number indicates an etherlinked (alk(en)yl,acyl) species as total alk(en)yl ? acyl carbons: total carbon-carbon double bonds, including any vinyl ether bonds present. ''X'' indicates molecular species that were not determined (see ''Experimental Procedures''). N = 5 ± SD Often less appreciated are the large numbers of metabolites that are generated in this overall N-acylation-phosphodiesterase-FAAH pathway, many of which are cellular lipids with other functions and only some of which are identified and quantified for their lipid mediator functions.
Targeted lipidomics approaches permit comprehensive analysis of metabolites involved in a specific lipid metabolic pathway. Recently, sensitive and high-throughput analytical tools have been established to unravel the biological significance of individual molecules of the endocannabinoid system in the context of the interconnected network of their precursors and derivatives [36] [37] [38] . However, these studies were limited mostly to endocannabinoids that occur in minor quantities relative to the other noncannabimimetic members of the large N-acylethanolamide family. Since we do not fully understand the nature of selective biosynthesis or degradation of a specific NAE type or its precursors (Fig. 1) , especially under the influence of genetic perturbations of this regulatory pathway, we used a targeted lipidomics approach to elucidate changes in the profiles of PE, NAPE, and NAE in brain and heart tissue of wild-type and FAAH -/-mice. Comparison of NAE metabolites and major and minor phospholipids between brain and heart tissue of mice revealed some similarities, but also several tissue-specific differences. The most abundant metabolite of the NAE regulatory pathway in brain and heart tissue was PE (Figs. 1, 7 ). It appears that the relative abundance of specific PE molecular species in the PE pool determines the molecular composition of NAPE rather than a preferential substrate selectivity of N-acyltransferase (Figs. 10 vs. 12 and 11 vs. 13). Furthermore, brain tissue of FAAH -/-mice showed accumulation of already abundant PE and NAPE molecular species rather than synthesis and accumulation of new or less abundant molecular species or remodeling of the amide-linked fatty acids of NAPE. These data suggest that lack of FAAH in brain tissue results in accumulation of NAE species, which may in turn affect the content but not the composition of the NAE precursor pool. Although total PE was significantly higher in the heart tissue of FAAH -/-mice when compared with wild type (Fig. 7) , fewer PE molecular species contributed significantly to the overall increase in PE content in heart than in brain (Figs. 12, 13) . The lesser FAAH-specific effect on NAE and its metabolites in heart tissue (Figs. 7-13) was not surprising because FAAH activity was reported to be negligible in heart tissue of mice [39] .
Although the total NAE content was similar between the two tissue types, it is interesting to note that total PE and NAPE levels are lower in heart tissue (Fig. 7) . Furthermore, N-16:0 PE and 16:0 NAE were the most predominant species in brain tissue, while heart tissue did not show preference for any specific type (Figs. 8, 9 ). It is possible that Fig. 10 Detailed profile of NAPE molecular species from brain tissue of wild-type (WT) and FAAH -/-(KO) mice. Designations for diradyl molecular species are: numbers only represent diacyl species as total acyl carbons: total carbon-carbon double bonds; e before a number indicates an ether-linked (alk(en)yl,acyl) species as total alk(en)yl ? acyl carbons: total carbon-carbon double bonds, including any vinyl ether bonds present. ''X'' indicates molecular species that were not determined (see ''Experimental Procedures''). N = 4 or 5 ± SD. Significance (P \ 0.05) was determined by unpaired Student's t test for KO vs. WT. ''H'' indicates that the KO level is significantly higher than the wild-type value N-acylethanolamine-hydrolyzing acid amidase, a second NAE-degrading amidase expressed in the heart and brain [40] , may exhibit differential expression and activity in these tissues, potentially leading to some of the tissue-specific differences seen in levels of NAE species in FAAH -/-mice.
The higher levels and distinctive composition of NAPE may suggest additional brain NAPE roles, such as maintenance of physical properties of membrane domains [41] and influence on signaling processes in the brain [42] , in addition to serving as the precursor for NAE synthesis. Fig. 11 Detailed profile of NAPE molecular species from heart tissue of wild-type (WT) and FAAH -/-(KO) mice. Designations for diradyl molecular species are: numbers only represent diacyl species as total acyl carbons: total carbon-carbon double bonds; e before a number indicates an ether-linked (alk(en)yl,acyl) species as total alk(en)yl ? acyl carbons: total carbon-carbon double bonds, including any vinyl ether bonds present. N = 4 or 5 ± SD. Significance (P \ 0.05) was determined by unpaired Student's t test for KO vs. WT Fig. 12 PC and PE species from brain tissue of wild-type (WT) and FAAH -/-(KO) mice. Designations for diradyl molecular species are: numbers only represent diacyl species as total acyl carbons: total carbon-carbon double bonds; e before a number indicates an etherlinked (alk(en)yl,acyl) species as total alk(en)yl ? acyl carbons: total carbon-carbon double bonds, including any vinyl ether bonds present. N = 4 or 5 ± SD. Significance (P \ 0.05) was determined by unpaired Student's t test for KO vs. WT. ''H'' indicates that the KO level is significantly higher than the wild-type value Lipids (2010) 45:863-875 873
Comparative analysis of major and minor phospholipids revealed higher levels of most phospholipids in brain tissue compared to heart, as expected, perhaps due to overall higher lipid content in the brain (Fig. 7) . However, in FAAH -/-mice, brain tissue showed accumulation only in the PE and NAE contents, as discussed earlier. On the other hand, FAAH -/-heart tissue showed an increase not only in PE, but also in phosphatidylinositol (PI) and lysoPC. In fact lysoPC content was higher in wild-type heart tissue than in brain (Fig. 7) . LysoPC is a byproduct of the transacylase reaction and might serve, together with other 1-lyso-phospholipids, as a precursor for the formation of 2-arachidonoylglycerol (2-AG) [43] . Additionally, hydrolysis of PI by a PI-specific phospholipase A 1 can also generate 2-AG [44] . Even though elimination of FAAH activity did not directly affect the NAE metabolites in heart tissue of mice, it may have influenced alternate endocannabinoid metabolic pathways by affecting the phospholipid composition.
Collectively, our targeted lipidomics results imply a metabolic N-acylation-phosphodiesterase pathway for acylethanolamides that is dominated by major cellular lipid constituents, but in which minor metabolites also play roles. Perturbation of FAAH may influence metabolite pools in this entire pathway, beyond simply the direct substrates for this enzyme; however, this influence by FAAH on NAPE and PE molecular species content is tissue-specific. Metabolic profiling tools like these developed here, applied to different physiological or pathological situations that have been attributed to endocannabinoid function, may help to reveal important new tissue-specific metabolic targets for therapeutic intervention at points of control not yet discovered. Fig. 13 PC and PE species from heart tissue of wild-type (WT) and FAAH -/-(KO) mice. Designations for diradyl molecular species are: numbers only represent diacyl species as total acyl carbons: total carbon-carbon double bonds; e before a number indicates an etherlinked (alk(en)yl,acyl) species as total alk(en)yl ? acyl carbons: total carbon-carbon double bonds, including any vinyl ether bonds present. N = 4 or 5 ± SD. Significance (P \ 0.05) was determined by unpaired Student's t test for KO vs. WT. ''H'' indicates that the KO level is significantly higher and ''L'' indicates that the KO level is significantly lower than the wild-type value
